Abstract-A twisted stack of high-temperature superconducting (HTS) tapes soldered into copper profiles was used as a strand in the fabrication of the 60-kA/12-T HTS cable prototype at the Center for Research in Plasma Physics (CRPP). Considering the strand in general as a modular element for the high-current cables, design parameters of the strand need to be optimized in order to best fulfill requirements of appropriate application field. During the development program of the HTS fusion cable at CRPP, influence of the design parameters on the strand's performance was obtained as input data for the optimization process. In this paper, we summarize the results of the twisting, bending, and transverse pressure tests on strands of various tapes and profile's geometries. Finite-element model for the transverse pressure test was developed, validated with the test results, and used for the design proposals. Effect of the stack aspect ratio, tape properties, and anisotropy, as well as selection of HTS material for the strand, will be discussed.
efficient material use, and flexibility of the conductor. Noncomplete transposition of the tapes in TSTC concept (inductance of the tape depends on its position in the stack) can lead to a nonuniform current distribution between tapes in ac or transient operating regimes. First high-field-low-temperature tests of the TSTC conductor showed a necessity of additional mechanical reinforcement against the acting Lorentz force [4] .
In order to improve current redistribution between tapes in the stack and to provide rigidity to the conductor, at the Center for Research in Plasma Physics (CRPP), an additional encasing of the stack between two copper profiles and soldering the components together were added to the original concept [5] . The proposed design and set of five parameters, which fully describes the geometry, are given in Fig. 1 and Table I . Similarly to the terminology of LTS conductors, we call the proposed element design in Fig. 1 as a "strand."
High-field-low-temperature tests were successfully performed at Karlsruhe Institute of Technology (KIT) with the nontwisted SuperPower 15-tape strand and twisted at h = 320 mm SuperOx 16-tape strand. Measured performance of both samples is in good agreement with expectations based on the tape's properties. At 12 T, 4.2 K, the critical current for both samples is around 3 kA. Degradation of the strands' performance during the cycling test was not observed.
Use of copper shells and soldering sufficiently improves mechanical stability of the stack, but the main negative consequences are reduced ability to the bending and, possibly, twisting. Additionally, the intertape resistance between tapes is significantly lowered by soldering, which provides a uniform current distribution on one hand, but on the other hand, intertape coupling current loss is increased as well. Since the improvement of one property may lead to the worsening of the other, an "ideal" design and manufacturing sequence of the strand are considered as the most balanced for the chosen application field.
In that sense, influence of the design parameters and variations in the manufacturing on the performance of the strand was investigated during the development program of the HTS fusion cable at CRPP. In this paper, we summarize the results of the various electromechanical tests with strands of different tapes' width and geometries of the profiles (see Section II). Concluding recommendations are given in Section III.
II. MECHANICAL PROPERTIES OF THE STRAND

A. Twisting
Twisting of the single tape and the stack of tapes was studied in details in [1] . Expression for the axial strain along the tape's cross section in the stack of tapes is written as
where (u, v) is the coordinate system of the cross section, u is along the wide side of the tape: −w/2 u w/2; and ε 0 is the relaxation strain representing "sliding effect" during the twisting: tapes have a mechanical ability to let the cross section be free of a longitudinal force. Mathematically, this effect corresponds to the following condition:
where E is the Young's modulus, and S is the cross section of the relaxation region. It is important to point out that, during the twisting, nonsoldered stack behaves the same as a single tape in the axial strain approach since the relaxation region is each individual tape in the stack. Appropriate relaxation strain can be written as
, where v k is the vertical position of the kth tape in the stack.
When soldering is used, there are two options for the manufacture of the stack or the strand: first twist, then solder (TS) or first solder, then twist (ST) [5] . The TS case corresponds to the situation discussed earlier for the nonsoldered stack twisting, whereas the ST case has undesirable effect of a strain accumulation. The stack is considered in the calculation as a combination of two materials, i.e., HTS tapes and solder, whereas for the strand, the copper profiles represent a third domain. Using the axial strain approach, relaxation strains for ST stack and ST strand can be written from (1) and (2) as follows:
where S j is the cross section of the jth material: 1-HTS tapes; 2-solder; 3-copper profiles. Young's modules for the materials at 77 K are chosen as E 1 = 157 GPa [6] , E 2 = 45 GPa [7] , and E 3 = 137 GPa [8] .
With an available dependence of critical current density over the axial strain j c (ε), finally, one can calculate degradation of the critical current I c . As there is no variation of the strains along the stack's length, a parallel connection of superconductors with various j c can be considered, i.e.,
The I c /I c 0 curves of the single tape, TS stack, TS strand, ST stack, and ST strand (w = 4 mm, t = 2 mm, n = 13, D = 6.2 mm) made of SuperPower tapes as a function of the twist pitch h are given in Fig. 2 . Note that, in the axial strain approach, the curves for the single tape, TS stack, and TS strand are identical. Calculated degradation of the twisted single tape is in good agreement with measured results (for example, see [1] ). Increased axial strains in the ST stack and ST strand lead to the earlier degradation of the critical current.
Degradation of the critical current of the ST stack and strand was studied experimentally as well. Thirteen-tape (SuperPower SCS4050) straight soldered stack and strand were prepared for the twisting test. Before assembling each sample, five tapes were measured individually. These tapes were located at positions 1, 4, 7, 10, and 13 in the stack. The test results are given in Fig. 3 together with the verified dependence of the single tape. Stronger influence of the twist pitch h was obtained comparing with the calculated results, particularly in case of ST strand.
The five initially measured tapes were carefully extracted from the stack and strand at the end of the tests (at around 10% of I c degradation). In both cases, the same 10% degradation was obtained for the central tape (at position 7), whereas the degradation of the outer tapes (1 and 13) was the lowest: from 2% to 6%.
Shear strain is another important component of the strain during the twisting. While the minimum and the maximum of the axial strain are at the center and the corners of the stack, respectively [according to the strain distribution (1)], shear strain components γ xz and γ yz reach their extremums at the middles of the outer sides of the stack [9] . Unfortunately, even with a known distribution of the shear strain in the stack, there is no appropriate dependence of the critical current density (first attempts were done at KIT [10] ). Effect of the shear strain could be at the origin of the difference between the measured and calculated I c degradation of the ST stack and ST strand. In addition, γ yz component acting in the tape's plane has the highest impact on the central tape of the stack, which can explain the highest measured degradation on tape 7 in the stack.
As a short conclusion, TS is the favorable manufacturing sequence, allowing to produce the strand with the twist pitch limited only by the properties of the single tape. In the region of low I c degradation ( 1%), critical twist pitch h c at a chosen criteria is proportional to the tape's width w, which was obtained from the variation of w in the calculation of I c degradation. For instance, 0.1% I c degradation corresponds to h c ≈ 40 w in the TS approach. As a confirmation, several TS strands presented in the following chapters have no mechanical degradation at twist pitches down to 300 mm.
B. Bending
Bending of the strands typically occurs during cable manufacturing (due to the transposition requirement) and in a coil winding. Expression for the total axial strain in the twisted strand bent at fixed radius R was obtained in [11] and is written as
where s is the arc length of the strand's centerline (longitudinal coordinate); ε twisting was discussed earlier (see Section II-A) and used here in TS approach. Table II for the abbreviations' definition).
Following the distribution of the total strain, the critical current density j c (ε total ) changes along the width and length of the tape. As a consequence, calculation of the critical current of the bent twisted strand must deal with both parallel and serial connections of superconducting elements. If the given strand's length l divided into N s elements and for each one the critical current of the cross section I c i is obtained according to (4) , then the average critical current of the strand I c is a solution for N s serial-connected superconducting regions problem
where U total is the total voltage over the chosen strand's length l, l i is the element's length (normally l i = l/N s ), and E c = 1 μV/cm. Equation (6) additionally requires a dependence of n-value over the axial strain or, as a result, over the critical current. It was assumed simply as n i = n
, which represents a lowering trend for n-value during I c degradation. n 0 was set to 25, a typical n-value for REBCO tapes at 77 K. Variation of n 0 has an insignificant influence in the calculation.
Results of the bending model for various sets of geometrical parameters are given in Fig. 4 . The lines correspond to sets of parameters of SuperPower samples prepared for the measurements. In total, eight types of TS strands were used in the bending test: they are presented in Table II . I c degradation of each strand as a function of bending radius R is given in Fig. 5 . Good agreement between calculation and test results was obtained, which allows one to consider the axial strain as a dominant factor of the degradation during the bending.
The following are several aspects of the strand's manufacturing procedure and geometry that were studied in the bending test. Table II for the abbreviations' definition).
whereas for the B sample, opening of the profiles happened at around 240 mm. Nevertheless, the relatively complicated fabrication procedure of the D sample and the reduced current density of both the C and D samples make them less attractive. Higher j e can be achieved with C and D samples by reducing the diameter, which was chosen as 7 mm only due to the easier fabrication at the laboratory scale. 3) Effect of the stack's aspect ratio: C versus F. Current density of the F sample is sufficiently increased, but at the same time, the critical bending radius R c is almost twice as large compared with the C sample. A compromised solution is needed in this case. 4) Effect of the tape's width w: E versus F. Both the E and F samples have a square stack, the only difference is the tape's width (although the twist pitch for both samples is different, it was chosen conservatively-an influence on the bending properties is not expected). While the current density of the two samples is comparable and noticeably higher than the other samples, the bending properties of the E sample is much better due to the narrower tapes. Currently, the E-type geometry is the most balanced and favorable in electromechanical terms. 5) Manufacturer of REBCO tapes: B versus G obtained difference between B (SuperPower) and G (SuperOx) samples is in agreement with a recently published comparison of mechanical properties of various REBCO coated conductors [12] . While the R c of SuperOx strand is higher, it is still applicable for construction of relevant high-current cable based on such strands. 6) REBCO versus Bi2223 tapes: The F versus H sample, manufactured with 1G Sumutomo H-type tapes, is the weakest one in terms of bending with R c = 920 mm. That value, representing relatively low mechanical properties of 1G tapes itself, is too high to use such strand in a construction of high-current cables; thus, other geometries must be considered.
C. Transverse Pressure
A strand in the cable is subjected to the transverse mechanical load due to the acting Lorentz force. This is a typical "plane strain" problem of continuum mechanics. With the assumption over several strain components ε z = γ xz = γ yz = 0, inplane stress-strain elastic relation simplifies to the following form [13] :
where (σ x , σ y , τ xy ) and (ε x , ε y , γ xy ) are stress and strain components, respectively; and E and ν are the Young's modulus and the Poisson's ratio of the appropriate material domain, respectively. The strand is simply considered as a combination of two domains: copper (c-domain) and "solid" stack of tapes (s-domain). Young's modulus of s-domain was obtained according to the mixture rule: E s = E tape nd t /t + E solder (1 − nd t /t), where d t is the thickness of the tape, E tape = 157 GPa [6] , and E solder = 45 GPa [7] . Three cases corresponding to the geometry of the A, G, and E samples (see Table II ) were studied in the plane strain finiteelement method (FEM) model using MATLAB PDE Toolbox. Mechanical parameters used for these cases are given in Table III .
The solution of the problem is a distribution of horizontal and vertical displacements (u(x, y), v(x, y) ). Stress and strain components are spatial derivatives of the displacements over particular coordinate. In order to obtain I c degradation of the strand, j c dependencies over the parallel and perpendicular (to the wide side of tape) strains of the single tape are needed, but not available. Thus, considering only the mechanical part of the problem, in-plane principal stresses (σ 1 , σ 2 ) and longitudinal one σ 3 = ν(σ 1 + σ 2 ) were combined in a single effective measure-von Mises stress σ v -which has the following definition in the plane strain case:
The von Mises stress is typically used to define the yield criterion as σ v = σ yield . For the current needs, σ v will be used only to have a scalar description of the mechanical problem.
The model is considered only in the elastic regime of materials, which means that the problem is linear. In other words, only relative distribution of stresses is important, whereas absolute values are proportional to the external applied pressure. Thus, all the following results of the calculations will be normalized to the midplane pressure, which is defined as an applied force F per area of the strand's midplane lD: p midplane = F/(lD). This parameter represents a vertical stress in the strand's midplane in case of uniformly distributed solution. Thereby, normalization to the p midplane is a measure of the deviation of real nonuniform solution from the uniform one.
By changing the angle between the c-axis and the direction of the applied force (see Fig. 6 ), the anisotropy of the strand's mechanical properties was studied. Three values of α were analyzed in the FEM model and measurements: 0
• (least loaded case), 60
• (potentially dangerous case due to the possible shear breakage), and 90
• (most loaded case). As an example, a solution of the model in terms of normalized von Mises stress for the geometry of the E sample (see Table II ) is given in Fig. 7 . Focusing the attention on the stack's domain, a statistical approach was applied to the Fig. 7 . Distribution of the von Mises stress σv for the geometry of the E sample (see Table II ).
distribution of the von Mises stress in order to have a more obvious interpretation and comparison of the model's results (see [14] for the full details). The main idea of the approach is to build a cumulative area function (CAF) for the s-domain (9) . At the fixed σ v , CAF gives a relative area of the stack which is subjected to the von Mises stress less than σ v (similar to the definition of cumulative distribution function in statistics), i.e.,
CAF is presented in Fig. 8 for the geometries of the A, G, and E samples at three fixed angles of orientation α. Both the A and G cases show a high mechanical anisotropy, i.e., the curves at 0 • , 60
• , and 90
• are far apart, whereas this is not the case for the E case (note that the E case results at 0
• and 90
• are identical). Tails at high σ v /p midplane ratio of the yellow (α = 90
• ) and red (α = 60
• ) curves indicate a presence of dangerous regions in the s-domain, which can be at the origin of the strand's breakage. The shift to the right of the G sample curves relatively to the A sample curves is an effect of the copper profile's annealing: softer profiles lead to the higher stress in the stack.
An average von Mises stress σ v over the area of the s-domain S was obtained as follows:
σ v as a function of the angle of orientation α is given in Fig. 9 : the annealing of the copper profiles (A versus G) increases the stress in the s-domain (but also improves the bending properties of the strand; see previous section); modified geometry of the copper profiles (G versus E) eliminates anisotropy of the mechanical properties. As long as the twisted geometry of the strand will result in all possible angles of orientation in the cable, reduction of the maximal average von Mises stress σ v is the main benefit, which was implemented with E sample. Experimental study of the strand's I c degradation under the transverse pressure was performed on the three samples manufactured according to the parameters' set of A, G, and E samples in Table II , with the difference that the A sample was nontwisted, whereas the G and E samples were twisted at Fig. 8 . CAF of the s-domain of the A, G, and E samples (see Table II ) as a function of normalized von Mises stress at various angles of orientation α. h = 300 mm and h = 280 mm, respectively. Twisting of the samples allows changing α in the test simply by longitudinal shift, whereas in nontwisted case, the strand must be rotated. Short regions of each sample, corresponding to the 0
• , 60
• orientations (variation due to the twisting is negligible), were subjected to the transverse force in a liquid nitrogen bath. The force was applied by tightening the bolt, which transfers the load to the steel anvil located on top of the strand (see Fig. 6 ). A piezoelectric sensor, which is located at the bottom of the strand, was used to measure the applied force. The midplane pressure p midplane is obtained as the measured force divided by the width of the anvil and the diameter of the strand.
A summary of the test results is presented in Fig. 10 . Measured I c degradation of the three strands qualitatively follows the results of the FEM model discussed earlier. The A and G samples are very tolerant to the applied force at 0
• (up to 110 MPa). At 60
• , both samples have an abrupt I c degradation in the region of 60 MPa, which corresponds to fracture effects in the strand (may result in cracks between copper profiles). Finally, I c degradation of these samples at 90
• sets the operational limits: 25 MPa for A and 20 MPa for G. Due to a slightly weaker mechanical performance of the tapes made by SuperOx compared with those by SuperPower [12] , the B sample could have higher operational limit than the G one (see Table II ). In contrast with the A and G samples, measured curves for the E sample are very similar at 0
• , whereas the earliest degradation was obtained at 60
• . Fracture effects were not observed in this case. Operational limit can be set up as 35 MPa.
If the strands are used in the Rutherford-type cable representing a flat two-layered assembly of strands (see Fig. 11 ), midplane pressure can be estimated as p midplane ≈ 2IB/D. The strand carrying 2.5 kA at 12 T will be subjected to roughly 10 MPa, making the proposed strand design appropriate for this cable option.
III. SUMMARY AND OUTLOOK
Summarizing the experimental and numerical results over the various mechanical and electrical properties of the strand presented in this paper, the following concluding recommendations can be formulated. 1) Soldering of the strand components (copper profiles and HTS tapes) must be performed after the twisting, with the preliminary annealed copper profiles. This allows one to eliminate strain accumulation effect and lower the limits for the twist pitch and bending radius. 2) Use of narrower tape is desirable as it introduces only positive changes: increases current density of the strand, reduces the hysteresis loss, and lowers the mechanical limits for the twist pitch h and bending radius R. 3) Optimal geometry of the copper profile is the one with the split line parallel to the c-axis of tapes in the stack (for instance, see geometry of C sample in Table II ). This provides the most balanced strand's properties against the acting transverse pressure.
Currently, the E-type strand is considered as the most promising one for the construction of the 50-kA/12-T cable prototype. Work on an appropriate cable design will start soon. Future cable prototypes will be tested in the European Dipole (EDIPO) test facility at CRPP, including I c , T cs , ac loss, and currentcycling measurements at various operating conditions.
As promised by the manufacturers of the coated conductors, thinner tapes, based on 30-μm hastelloy layer instead of 50 μm, may come soon to the market. If the geometrical changes will not affect any other properties of the tape, an E-type strand containing around 35 tapes could carry up to 5 kA at 12 T and 4.2 K. This may significantly reduce the number of the strands required for the cable fabrication. Table II ) as a function of p midplane at various angles of orientation α (77 K, self-field). 
